Strategies that intervene with the development of immune-mediated diseases are urgently needed, as current treatments mostly focus on alleviating symptoms rather than reversing the disease. Targeting enzymes involved in epigenetic modifications to chromatin represents an alternative strategy that has the potential to perturb the function of the lymphocytes that drive the immune response. Here, we report that 2 major epigenetic silencing pathways are increased after T cell activation. By specific inactivation of these molecules in the T cell compartment in vivo, we demonstrate that the polycomb repressive complex 2 (PRC2) is essential for the generation of allergic responses. Furthermore, we show that small-molecule inhibition of the PRC2 methyltransferase, enhancer of zeste homolog 2 (Ezh2), reduces allergic inflammation in mice. Therefore, by systematically surveying the pathways involved in epigenetic gene silencing we have identified Ezh2 as a target for the suppression of allergic disease.
Introduction
The immune system functions to maintain homeostasis and protect against pathogen challenge. However, sometimes hypersensitivity to usually innocuous antigens results in allergic conditions such as asthma and allergic rhinitis or autoinflammatory diseases such as lupus and type 1 diabetes. Unfortunately, these disorders are increasing in prevalence and current treatments are mostly aimed at ameliorating the symptoms but not switching off the lymphocytes that cause the disease pathology. Therefore, novel strategies are desperately needed to rewire the immune response in such situations with the aim to perturb the inflammatory cascade and potentially cure disease.
The major orchestrators of immune cell function in the development of allergic responses are the CD4 + T helper (Th) cells. In animal models of allergic asthma, the presence of CD4 + T cells is absolutely required for the induction of airway inflammation and recruitment of eosinophils (1) . Allergen-specific Th cells are activated by dendritic cells in the draining lymph nodes and infiltrate into the lung tissue and secrete cytokines to orchestrate and exacerbate the inflammatory response (2) . Although a number of Th subsets are known, the main players in promoting this allergic response appear to be the Th2 subset, which produces important cytokines such as IL-4, -5, and -13 and chemokine signals that result in the recruitment and activation of the innate immune cells.
The factors that control the relative stability and plasticity of Th phenotypes are critical to immune responses (3) (4) (5) , and although the signals and transcription factors guiding Th differentiation are well defined, it appears that the heritability through cell division is controlled predominantly by epigenetic mechanisms. Correlations have been observed between levels of several histone H3 and H4 modifications and activation or silencing of cytokine genes in committed Th1 and Th2 cells (6) . For example, differentiation to a Th1 phenotype requires epigenetic silencing of genes encoding Th2 cytokines such as IL-4 and IL-13 (7) (8) (9) . Conversely, differentiation to a Th2 phenotype requires epigenetic silencing of Th1 cytokine genes such as the gene encoding IFN-γ (9, 10) . Importantly, we have found that stable Th1 gene silencing in Th2 cells required the expression of the Suv39h1 enzyme to maintain the balance of methylation and acetylation at lysine 9 of histone H3 (H3K9) in Th1 genes (10) . Furthermore, in a murine model of Th2 allergic asthma, the loss of Suv39h1 resulted in skewing towards a Th1 response and decreased lung pathology (10) .
Strategies that intervene with the development of immune-mediated diseases are urgently needed, as current treatments mostly focus on alleviating symptoms rather than reversing the disease. Targeting enzymes involved in epigenetic modifications to chromatin represents an alternative strategy that has the potential to perturb the function of the lymphocytes that drive the immune response. Here, we report that 2 major epigenetic silencing pathways are increased after T cell activation. By specific inactivation of these molecules in the T cell compartment in vivo, we demonstrate that the polycomb repressive complex 2 (PRC2) is essential for the generation of allergic responses. Furthermore, we show that small-molecule inhibition of the PRC2 methyltransferase, enhancer of zeste homolog 2 (Ezh2), reduces allergic inflammation in mice. Therefore, by systematically surveying the pathways involved in epigenetic gene silencing we have identified Ezh2 as a target for the suppression of allergic disease.
Targeting enzymes involved in epigenetic modifications of chromatin therefore has the potential to perturb the function of the lymphocytes that drive the allergic response. However, it is unknown whether other epigenetic modifiers or pathways are also involved in the allergic response.
In this study, we searched for epigenetic pathways that are critical for T cells to orchestrate the development of allergic inflammation. We identified components involved in epigenetic gene silencing that were upregulated after T cell activation and performed in vivo inactivation of these molecules specifically in the T cell lineage. These experiments revealed that the polycomb repressive complex 2 (PRC2) pathway was essential for the development of allergic inflammation. We then build on these discoveries to show that small-molecule inhibition of Ezh2 function represents a promising strategy for suppressing the development of allergic disease.
Results

Identification of heterochromatin components upregulated during CD4
+ T cell activation. We hypothesized that those chromatin-associated proteins which play important regulatory roles in the allergic immune response and as such represent potential therapeutic targets would be upregulated after T cell activation. To identify such molecules, we examined the expression of genes encoding 34 different repressive chromatin components associated with histone modification in publicly available microarray data comparing nonstimulated human CD4 + T cells to those stimulated for 24 hours (11). We observed that molecules associated with the PRC2/H3K27me3 (EZH2, EED, and RBBP7) and Suv39h/HP1/H3K9me3 (SUV39H1, SUV39H2, CBX1, CBX3, CBX5, and TRIM28) pathways were significantly upregulated (adjusted P < 0.05) in response to T cell activation, whereas other components such as PRC1 members (BMI1, RING1, CBX2, -4, -7, and -8), most HDACs (excluding HDAC2), and other lysine methyltransferases such as DOT1L, EZH1, EHMT1 and -2, and SETDB1 were not significantly altered or even downregulated ( Figure 1A) . Thus, components of 2 major epigenetic silencing pathways shown in Figure 1D are upregulated after T cell activation.
We then examined the activation-induced regulation of these chromatin-modifying genes at the protein level. We activated wild-type (WT) mouse CD4 + T cells and then performed immunoblotting to assess the levels of each protein for which reliable antibodies were available. In line with the microarray analysis we observed substantially increased protein levels of the PRC2 components Ezh2 and Suz12 in cells activated for 24 hours (Figure 1 , B and C). We also observed increased levels of HP1α (Cbx5) and HP1β (Cbx1) protein levels, whereas the expression of the HP1 binding factor, transcription intermediary factor 1-β (TIF1β; encoded by Trim28) was unaltered at this time point (Figure 1 , B and C). Levels of the repressive histone marks H3K9me3 and H3K27me3 mirror the results for the corresponding enzymatic complexes where activated cells showed significantly higher global levels than naive cells ( Figure 1 , B and C). LaminB1 was used as a nuclear loading control and was found to be lower in activated samples ( Figure 1B ), suggesting we may be underestimating the nuclear upregulation of the protein components of these epigenetic silencing pathways. Based on these data, we next chose to explore the importance of the PRC2 pathway and corepressors of the Suv39h/H3K9me3 pathway in allergic asthma by specifically inactivating them in T cells.
Auxiliary components of the Suv39h/H3K9me3/HP1 pathway are not required for the development of allergic inflammation. Given that a number of molecules in the Suv39h1/H3K9me3/HP1 pathway were upregulated after T cell activation (Figure 1 ), and our previous work implicating Suv39h1 in the development of allergic asthma (10), we examined the role of HP1α, HP1β, and TIF1β in the allergic response. Previously, we had implicated HP1α (Cbx5) but not HP1γ (Cbx3) in Th2 cell stability (10), making HP1γ an unlikely candidate. Therefore, mice that had exons of Cbx5 (HP1α), Cbx1 (HP1β), or Trim28 (TIF1β) flanked by loxP sequences were crossed with transgenic mice expressing Cre recombinase under the control of the Cd4 promoter. In order to confirm the loss of the gene product specifically in T cells in each of these strains, we sorted splenic B cells (B220 Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.127745DS1), and examined HP1α, HP1β, and TIF1β protein expression by Western blotting (Supplemental Figure 1B) . Further analysis revealed that all these mice displayed normal T cell development (data not shown). To test the ability of these mice to mount an allergic response we subjected them to the classical ovalbumin (OVA) challenge model prior to comprehensive analysis of the cellular and cytokine composition of the lung environment. In this model, mice are first sensitized to OVA in the presence of the adjuvant aluminum hydroxide (alum) prior to challenge with aerosolized OVA. Despite lacking these molecules, surprisingly, these mice had normal cellular infiltrate and developed allergic pathology equivalent to their littermate counterparts (Supplemental Figure 2, A-D) . Figure 3) . Bio-Plex cytokine analysis of the acellular lavage fluid from OVA-exposed mice showed some alterations in cytokine levels (Supplemental Figure 2E) , particularly IL-4 and IL-5 levels in Cbx5 fl/fl Cd4 Cre mice; however, this did not result in decreased inflammatory infiltration or decreased lung pathology (Supplemental Figure 2 , A-D). Thus, HP1α, HP1β, and TIF1β molecules are not critical for T cells to drive allergic inflammation.
T cells rely on PRC2 components to drive allergic inflammation. We then turned our focus to the role of Ezh2 in the allergic response, as it was the most upregulated gene and protein following T cell activation. We bred mice in which the exons of Ezh2 (12) are flanked by loxP sequences with transgenic mice expressing Cre recombinase under the control of the Cd4 promoter (13) . We have previously published that this results in efficient deletion of Ezh2 in the T cell lineage and that these mice display normal T cell development, but have alterations in CD8 + memory phenotypes and NKT cell expansion (14) . Therefore, as a control we exposed some mice to alum alone prior to OVA challenge to test for any preexisting or spontaneous immune reaction driven by the gene deficiency ( Figure 2A ). We first examined the BAL infiltrate by flow cytometry. Ezh2 fl/fl Cd4 Cre mice were completely protected from eosinophil, neutrophil, and T cell infiltration into the airways following OVA challenge (Figure 2, B-D) . The forward scatter (FSC) versus side scatter (SSC) profiles of the neutrophil, eosinophil, alveolar macrophage, and T cell populations gated in Figure 2C can be seen in Supplemental Figure 4 . Each of these populations correspond to the major cellular populations visible on FSC versus SSC plots shown in Figure 2B . Cells recovered from these Ezh2 fl/fl
Cd4
Cre mice were predominantly alveolar macrophages (FSC ), a resident, noninflammatory cell population whose numbers were consistent across groups. Cre mice whose airway resistance (Rn) was indistinguishable from unchallenged C57BL/6 WT mice ( Figure 2G ).
We also used an alternative model of allergic inflammation representing a more physiologically relevant allergen, house dust mite (HDM) extract (Supplemental Figure 5A ). In line with the previous findings using the OVA model, we found Ezh2 fl/fl Cd4 Cre mice to be completely protected from the development of HDM-induced allergic inflammation (Supplemental Figure 5 
, B-E). HDM-induced increases in BAL leukocytes in Ezh2
fl/fl control mice were significantly reduced in Ezh2 fl/fl Cd4 Cre mice, with the cell numbers recovered from Ezh2 fl/fl Cd4 Cre BAL indistinguishable from PBS-exposed controls (Supplemental Figure  5C ). As expected, the cellular infiltrate was predominantly eosinophils and T cells, with a lack of robust neutrophil accumulation in this model (Supplemental Figure 5C ). Lung histopathology showed reduced mucous-producing cells and decreased lung inflammation levels in HDM-challenged Ezh2 fl/fl Cd4 Cre mice compared with Ezh2 fl/fl controls (Supplemental Figure 5 , D and E), again consistent with previous results using the OVA model. Overall, these results suggest that the presence of Ezh2 in T cells is absolutely required for allergic responses in the airways.
In order to confirm that Ezh2 is mediating allergic inflammation through its canonical role as the enzymatic component of the PRC2 complex, we also separately inactivated the nonredundant core components of PRC2, Suz12 and Eed, specifically in T cells. Importantly, EED was the second most highly upregulated repressive component after EZH2 in the T cell activation human microarray data set ( Figure 1A ), and Suz12 was highly upregulated in mouse T cells at the protein level ( Figure 1C ). Using mice deficient in either Suz12 (15) or Eed (16) Cre ), we confirmed the absolute requirement for these molecules in the generation of allergic histopathology (Supplemental Figure 6A ), eosinophilia (Supplemental Figure 6 , B and C), and cytokine production (Supplemental Figure D) in the lungs of OVA-challenged mice. Thus, we confirm that the PRC2 pathway is critical to development of T cell allergy.
Ezh2 is required to generate antigen-specific memory. We next wanted to investigate the mechanism by which deletion of PRC2 components in T cells prevents allergic inflammation. We first examined cytokine levels in the acellular BAL fluid following OVA challenge and found almost all OVA-induced cytokines including the Th2 cytokines IL-4 and IL-5 and the proinflammatory cytokines IL-6 and KC (the murine CXCL8 homolog) to be reduced to baseline levels in the BAL fluid from Ezh2 fl/fl Cd4 Cre mice ( Figure 3A) . Importantly, loss of Ezh2 did not result in a skewing towards Th1 cytokines in the BAL fluid, with IFN-γ levels consistent across all groups ( Figure 3B ).
We next quantified the titers of OVA-specific and total IgE in serum from these mice following OVA challenge. We found that Ezh2 fl/fl Cd4 Cre mice lacked any detectable OVA-specific IgE above the background of the assay (Figure 3C ), despite normal levels of serum total IgE ( Figure 3C ). Detectable levels of OVA-specific IgE were found in the serum from C57BL/6 control mice following OVA challenge, as expected ( Figure 3C ). Cre mice (n = 7). Unchallenged Bl/6 mice (n = 6 for 0-3 mg/ml MCh, n = 5 for 10-30 mg/ml MCh) were included to indicate baseline bronchoconstriction in response to MCh. Mean and SEM together with individual data points are shown. Data were analyzed by 2-way ANOVA with Bonferroni's post hoc test. *P < 0.05 with specific comparisons denoted in central and right-hand panels.
To examine Th2 development in mice lacking Ezh2 in T cells, we isolated splenocytes from Ezh2 fl/fl
Cd4
Cre mice and Ezh2 fl/fl control mice 10 days following initial sensitization to OVA. We then stimulated cytokine production with PMA/ionomycin for 5 hours in the presence of GolgiStop protein transport inhibitor for the final 2 hours prior to assessing intracellular IFN-γ and IL-4 cytokine accumulation by flow cytometry. We found that within the antigen-experienced CD4 + T cell compartment (CD44 
Cre mice was statistically indistinguishable from background levels of nonsensitized C57BL/6 controls (Figure 3, F and G) . These data, together with the lack of OVA-specific IgE, suggest that Ezh2 is required to generate antigen-specific memory.
We hypothesized that the failure to generate antigen-specific CD4 + T cells in the absence of Ezh2 was due to a defect in T cell proliferation. Surprisingly, when we labeled CD4 + T cells from Ezh2 fl/fl Cd4 Cre and C57BL/6 control mice with CellTrace Violet dye and activated them in vitro using anti-CD3 and anti-CD28 antibodies, we saw similar degrees of progressive dye dilution in both Ezh2 fl/fl Cd4 Cre and C57BL/6 control mice, as well as similar upregulation of the activation marker CD25 (Figure 4A ), suggesting intact activation responses and normal cell division. However, when we measured cell numbers over time, we found a profound defect in clonal expansion of cells from Ezh2 fl/fl Cd4 Cre mice ( Figure 4B ). Quantitation of cell death processes using annexin V and propidium iodide staining following cell activation showed a large increase in the proportion of Ezh2 fl/fl Cd4 Cre cells undergoing apoptosis compared with WT cells (Figure 4 , C and D). This premature death in cells lacking PRC2 function therefore prevents a robust T cell expansion, thereby curtailing inflammatory CD4 + T cell response.
Inhibition of Ezh2 suppresses T cell expansion and allergic responses in vivo.
Having shown that mice deficient in PRC2 components do not develop allergic inflammation, we used the Ezh2 small-molecule inhibitor GSK126 to test its therapeutic potential for allergic disease. GSK126 is a selective, S-adenosyl-L-methionine-competitive small-molecule inhibitor of Ezh2 methyltransferase activity that has been shown to suppress the growth of tumors in mouse models (17) . Given that activation of T cells lacking Ezh2 function resulted in induction of apoptosis and a diminished immune response, we hypothesized that small-molecule inhibition of Ezh2 will similarly prevent T cell expansion. To test this, we activated WT CD4 + T cells in vitro using anti-CD3 and anti-CD28 antibodies, and exposed them to GSK126 for 3 days. As expected, we observed a dose-dependent reduction in the number of cells recovered in the culture compared with vehicle control (Figure 5A ), with 10 μM GSK126 sufficient to cause complete cell death at this time point. Importantly, H3K27me3 levels were significantly reduced by this dose of GSK126 at the earlier time point of 44 hours ( Figure 5B ), demonstrating on-target effects on Ezh2.
We then inhibited Ezh2 activity in vivo by administering GSK126 (75-150 mg/kg) by oral gavage on each day of OVA aerosol challenge, 4 hours after the OVA exposure ( Figure 5C ). Prior experiments using control (non-OVA-exposed) C57BL/6 mice found these doses of GSK126 to be well tolerated and to not affect BAL cellularity or cause any noticeable effects (Supplemental Figure 7) . Consistent with previous experiments, OVA challenge of vehicle-treated control mice resulted in the accumulation of predominantly eosinophils in the airspace, along with smaller numbers of neutrophils and T cells (Figure 5D) . The 150-mg/kg dose of GSK126 resulted in a dramatic reduction in each of these individual populations as well as total BAL leukocytes ( Figure 5D ). PAS + mucous-producing epithelial cells and levels of inflammation in the lung tissue were similarly reduced in the airways of mice treated with 150 mg/kg GSK126 ( Figure 5, E and F) . The 75-mg/kg dose of GSK126 had no effect on BAL cells (Figure 5D ), PAS staining (data not shown), or lung tissue inflammation (data not shown) compared with vehicle-treated mice. The administration of this drug did not lead to a global loss of immune cells, as the numbers of lymphocytes and granulocytes in the spleen were unchanged (Supplemental Figure 8) . Group sizes and statistical analysis are as in B. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with C57BL/6 (Bl/6) control at that time point. ^^P < 0.01, ^^^^P < 0.0001 compared with the 0-hour time point.
Similarly, GSK126 administration did not alter H3K27me3 levels in these splenic populations (Supplemental Figure 9 ). The concentration of OVA-specific IgE and total IgE was also unchanged in the serum of mice treated with GSK126 ( Figure 5F ), suggesting that inhibition of Ezh2 is a viable therapeutic strategy despite existing humoral and cellular memory in allergic individuals. Importantly, the 150-mg/kg dose of GSK126 also provided complete protection against OVA-induced airway hyperresponsiveness ( Figure 5H) .
Inhibition of Ezh2 suppresses established inflammation.
In order to further test the therapeutic potential of Ezh2 inhibition in established inflammation, we performed a single-hit experiment whereby allergic inflammation was established in our standard OVA model of systemic sensitization followed by daily nebulized OVA exposure for 4 days. On the fifth day, rather than assessing allergic inflammation as we had previously done, we administered a single dose of GSK126 (150 mg/kg) by oral gavage and then assessed bronchoalveolar inflammation 3 days later (Supplemental Figure 10A ). This single dose given following established inflammation resulted in reduced BAL CD4 + T cell numbers and did not alter granulocyte numbers, suggesting a selective effect on actively dividing, allergy-promoting T cells in the lung microenvironment (Supplemental Figure 10B) .
We then extended the therapeutic regimen to 3 doses (day 5, 8, and 10) after establishing inflammation by OVA challenge on days 1-4, and then assessed airway inflammation on day 11 ( Figure 6A ). Inhibition of Ezh2 in this therapeutic regimen resulted in reduced airway inflammation ( Figure 6B ), with total BAL cells, CD4 + T cells, eosinophils, and B cells all significantly reduced following GSK126 treatment ( Figure 6 , B and C). Interestingly, numbers of BAL eosinophils recovered were highly correlated with numbers of BAL CD4 + T cells ( Figure 6D ; Pearson's R 2 = 0.9261, P < 0.0001). Examination of lung histopathology revealed reduced PAS + mucous-producing cells following therapeutic GSK126 treatment ( Figure 6 , E and F). However, lung inflammation levels had ablated by this point (7 days after final OVA challenge) and all groups were statistically indistinguishable ( Figure 6, E and F) . Overall, these data validate our gene inactivation experiments and show that inhibiting the enzymatic activity of Ezh2 is a feasible strategy for suppressing allergic responses, even in established inflammation.
Discussion
Previously, we implicated the Suv39h/H3K9me3/HP1 pathway in Th2 cell stability by focusing specifically on Suv39h1 (10) . In this study, we took a broader approach in an attempt to identify which other epigenetic silencing components were upregulated after human CD4 + T cell activation. Surprisingly, the genes that were upregulated after activation were almost all from the PRC2/H3K27me3 and Suv39h/H3K9me3/ HP1 pathways. Both of these pathways are critical to the formation of repressive chromatin. This suggests that establishment of gene silencing and heterochromatin formation or maintenance is an important part of the first stages of a lymphocyte response.
Because of the role of Suv39h1 in Th2 cell stability it was logical to think that the other components of this pathway may also play an important role in the development of allergy. In this pathway, methylation of H3K9 is imparted not only by Suv39h1 but also G9a, GLP, SETDB1, and Suv39h2 enzymes. However, the enzymes responsible for H3K9 trimethylation (H3K9me3) are predominantly Suv39h1 and Suv39h2. H3K9me3 then serves as a binding site for a corepressor family, heterochromatin protein 1 (HP1α, -β, and -γ) (18) (19) (20) , which sterically inhibits the binding of transcriptional machinery and attracts diverse chromatin modifiers such as DNA methyltransferases (21) and Trim28 (22) , allowing maintenance of silencing. Interestingly, we did not find a role for any of the cofactors we examined. It is possible that more than one HP1 molecule would need to be inactivated in order to alter T cell-driven inflammation. T cell-specific TIF1β deficiency has previously been shown to result in increased TGF-β production and spontaneous Th17 and T regulatory cell development (23) . However, despite these alterations, TIF1β deficiency did not enhance or diminish the allergic response. In contrast, the PRC2 pathway was essential for T cells to drive the development of allergic inflammation. In this pathway, trimethylation of H3K27 is mediated by PRC2, which consists of Ezh2, Eed, Suz12, and accessory factors such as Jarid2 and RBBP4 and -7. Ezh2 (and the related Ezh1) provide the enzymatic component of PRC2, while Eed and Suz12 are essential for complex stability (24) . Ezh2 plays an important role in both B and T cell development (reviewed in ref. 25 ) and was recently implicated in allergic asthma development, as Ezh2-deficient T cells were shown to enhance asthma pathology after adoptive transfer of in vitro-activated T cells (26) . Our findings clearly contrast with the conclusions from this report. Tumes et al. used a Th2 in vitro polarization of OVA-specific T cell receptor-transgenic Ezh2-deficient CD4 + T cells prior to adoptive transfer into OVA-sensitized mice (26) . In contrast, here we directly tested the importance of Ezh2 to the generation of T cell responses in vivo. As shown in Figure 2 , we found a profound deficiency in such responses and these results were phenocopied by the conditional inactivation of the nonredundant PRC2 components, Suz12 and Eed. We speculate that the increased proliferative drive from the OVA-specific transgenic model may overcome the proliferative defect observed in our studies which used the endogenous T cell response. Our results showing defective T cell responses in the absence of EZH2 are also concordant with studies showing defective Th1 response to Listeria monocytogenes (27) and Toxoplasma gondii (28) , as well as defective allogeneic graft-versus-host responses (29) . Taken together, our data generated from independently inactivating 3 components of the PRC2 complex in T cells and small-molecule inhibition of Ezh2 demonstrate that PRC2 function is absolutely required for the manifestation of allergic responses. In this case, unlike our previous work on Suv39h1 inhibition, lack of allergic responses in the absence of PRC2 function does not appear to be due to skewing toward the Th1 phenotype, but rather due to initiation of apoptosis following cell activation.
Targeting the enzymes that are responsible for laying down epigenetic modifications to chromatin has recently become possible with the design of several inhibitory drugs (30, 31) . Concerns that targeting part of the epigenetic machinery would have widespread deleterious effects have been alleviated by clinical studies demonstrating that selective small-molecule inhibitors that target individual epigenetic enzymes are well tolerated in cancer patients, including many that target EZH2 (31, 32) . Indeed, we did not observe any systemic effects at the doses of GSK126 we have used, nor did we notice effects on the number of resident alveolar macrophages in the airways. One could speculate that individuals with inhibited PRC2 function could be immunocompromised when confronted with an immunological challenge, such as virus exposure. Our own data support a selective effect of Ezh2 inhibition on rapidly dividing cells, such as CD4 + T cells mounting an allergic response, rather than terminally differentiated and relatively transcriptionally silent granulocyte populations. This effect may be due to global destabilization of H3K27me3-dependent heterochromatin, which may affect cell viability as the genome is placed in a unique position of stress through the process of rapid and massive clonal expansion (33) . Alternatively, loss of PRC2 function may cause dysregulated transcription of key target genes such as Cdkn2a, a known target of Ezh2 in multiple cell types (34) that is involved in the stabilization of p53 regulating cell cycle progression (35) , and furthermore has been shown to regulate lymphoid cell survival (36) . These effects on dividing T cells might somewhat blunt adaptive responses; however, innate responses would likely remain intact. Furthermore, it is plausible that careful titration of EZH2 inhibition levels may be able to provide protection from unwanted allergic/autoimmune activation, while retaining sufficient T cell response when antigen load is high. We therefore consider that EZH2 inhibition represents a viable therapeutic strategy to target the lymphocytes that drive lung inflammation.
Our data using therapeutic regimens of GSK126 provide further evidence that Ezh2 inhibition is indeed a viable therapeutic strategy for diseases such as allergic asthma. While genetic deletion of Ezh2 prevented the development of antigen-specific CD4 + T cells and antigen-specific IgE (albeit only directly shown in the OVA model), thereby precluding a subsequent immune-response antigen challenge, GSK126 treatment was able to reduce airway inflammation and hyperresponsiveness even when antigen-specific memory was well established. Indeed, therapeutic efficacy of Ezh2 inhibition could be seen when this drug was administered in the context of ongoing established inflammation. Interestingly, our observed correlation between airway eosinophilia and CD4 + T cell numbers reflects what is seen in human asthmatic disease (37) and importantly also correlates with asthma severity (38) . These results provide a rationale to expect utility of an EZH2 inhibitor as a therapeutic in uncontrolled disease, and not just as a prophylactic treatment.
Given the tolerability of EZH2 inhibitors in human studies, even when dosed through systemic routes, the transition from oncology to treatments for inflammation could be expected to be smooth and rapid. This is especially true given that the dosing regimen used for the treatment of allergic inflamma-tion would be expected to be much more restricted than that for cancer, and ideally organ restricted (i.e., to the lungs for allergic asthma). The most advanced of these studies involve tazemetostat (Epizyme Inc), that has successfully completed phase I and entered phase II clinical trials. Other early-phase trials have been initiated by GSK (NCT02082977), Constellation Pharmaceuticals (CPI-2105, NCT02395601), and Novartis (MAK683, NCT02900651). These first-in-human studies will provide important insights into the potential of the various Ezh2 inhibitors for the treatment of allergic inflammation. Finally, we believe that the suppression of inflammation associated with EZH2 inhibition could also be used to treat other conditions in which activated T or B lymphocytes drive the inflammation. As the inhibitors have already undergone safety and efficacy trials, we would be able to more rapidly translate this approach into clinically testing such possibilities.
Methods
Mice
Ezh2
fl/fl (12) , Eed fl/fl (16) , Suz12 fl/fl (15) , Cbx5 fl/fl (10) , and Trim28 fl/fl (39) mice were described previously. Cbx1 fl/fl mice were a gift from Florence Cammas (Institute of Genetics and Molecular and Cellular Biology, Strasbourg, France). The floxed strains were crossed with Cd4 cre mice (13) . All mice lines have been maintained on a C57BL/6 (Ly5.2) background and were used between 6 and 12 weeks of age and were age and sex matched.
OVA model of allergic lung inflammation
Mice were immunized with an intraperitoneal injection of 200 μl alum/OVA containing 20 μg low-endotoxin OVA (Wοrthington) and 2.25 mg aluminium hydroxide (Sigma-Aldrich) in sterile PBS on day 0 and day 7. Mice were then rested for a minimum of 2 weeks and then challenged daily for 4 days with nebulized 2% (w/v) OVA (Sigma-Aldrich) in PBS for 15 minutes. The day after the final challenge (or at a time point described in the text), mice were sacrificed and BAL (250 μl twice with sterile PBS) was performed, from which cellular infiltrate was analyzed by flow cytometry and acellular BAL fluid was analyzed by Bio-Plex Pro cytokine assay (Bio-Rad). Lung tissue was then fixed by inserting 1 ml of 10% formalin via the trachea into the lungs and leaving it to set in situ for at least 30 minutes. The midsection of the left lobe was then excised and placed in liquid formalin for a further 24 hours prior to paraffin embedding, sectioning, and staining with periodic acid-Schiff (PAS) and hematoxylin and eosin (H&E) stains. Stained slides were imaged using an Aperio Digital Pathology Slide Scanner and quantitated by counting PAS-positive epithelial cells and scoring leukocyte infiltration in H&E-stained sections according to the scoring chart in Supplemental Figure 11 . Scores from at least five ×20 magnification fields of each stain were averaged for each mouse.
Respiratory mechanics
Lung function was assessed by the forced oscillation technique using a FlexiVent system with FX1 module (SCIREQ). Mice were anesthetized with ketamine (150 mg/kg) and xylazine (15 mg/kg) and then cannulated by tracheostomy with ligation. Baseline respiratory mechanics were recorded, followed by aerosolized saline and then increasing doses of methacholine (MCh) (0.1-30 mg/ml). Respiratory impedance (Z rs ) was measured and partitioned into airway and parenchymal components through fitting to the Constant Phase Model from which Newtonian resistance (R n ; equivalent to airway resistance) was calculated.
HDM extract model of allergic asthma
Mice were challenged with intranasal administration of protein extract from whole HDMs (Dermatophagoides pteronyssinus, Greer Laboratories Inc.) on days 0-2 (10 μg/mouse) and then on days 14-17 (1 μg/mouse) and then sacrificed on day 18. These HDM extract doses of 10 μg and 1 μg contained 1.16 EU and 0.116 EU of endotoxin (LPS), respectively. Endpoints were the same as for the OVA model above.
GSK126 in vivo administration
GSK126 (Xcessbio Biosciences) was administered by oral gavage at doses of 75 mg/kg and 150 mg/kg in 20% Captisol vehicle.
Tetramer-based enrichment of OVA-specific CD4 + T cells was performed using PE-conjugated OVA-2C and OVA-3C Peptide:MHC class II tetramers provided by James Moon (Massachusetts General Hospital, Boston, Massachusetts, USA), as previously described (40) .
Annexin V-FITC (BD Pharmingen, 556419) staining was performed in 1× binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 in PBS) prior to propidium iodide addition and analysis.
In all experiments, stained cells were analyzed using a BD FACSCanto II or a BD LSRFortessa X-20 using SPHERO Rainbow Calibration Beads to calculate absolute cell counts. Where indicated, cells were sorted using a BD FACSARIA III.
Bioinformatic analysis and statistics
The human naive CD4 + T cell activation microarray data set originally produced by Martínez-Llordella et al. (11) is publically available through the NCBI's Gene Expression Omnibus (GEO), accession GSE39594. These data were produced using the Affymetrix Human Genome U133 Plus 2.0 Array platform. These data are comprised of CD4 + T cells that have been cultured under different conditions -nonstimulated and anti-CD3 plus anti-CD28 for 24 hours. Each group contained 3 replicate samples giving a total of 6 samples. All CEL files were downloaded and probe expression was calculated and normalized using robust multi-array average expression (RMA) (41) . Probes were filtered from the data if their expression was less than 6 in at least 3 samples. Probes with no Entrez gene ID were also removed. Analysis of these data was performed using the limma (42) software package. Differential expression was evaluated between groups relative to a fold-change threshold of 1.2 using linear models and empirical Bayes moderated t-statistics with a trended prior variance (43) . P values were adjusted using the Benjamini and Hochberg method to control the FDR below 5%. The mean-difference plot was produced using limma's plotMD function.
All other statistical analysis throughout the manuscript was performed using GraphPad Prism 7 software. Student's t tests (2 tailed), 1-way ANOVA, or 2-way ANOVA were used or nonparametric equivalents as detailed in figure legends. P values less than 0.05 were considered significant.
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